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Abstract 
When rating the performance of a solar cooling system a standardized method is required to calculate seasonal performance 
figures from measurements at test conditions. A method commonly used for electrical chillers is the so called bin method which 
utilizes the reference climate as a basic table of temperature and their frequency distribution. When applying this method for 
solar cooling an additional column is necessary to define the radiation profile of the reference weather. This paper defines a 
standard radiation profile and describes the applicability of the bin method for solar cooling. It turns out that a simplified 
reference weather profile creates an uncertainty below 1% onto the calculation of heat gain. The focus in this paper is on solar 
cooling, however this method may also be used to calculate the gain of solar heating and DHW.  
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Consumers need plain information when they aspire for well-founded decision into a new investment. This also 
applies for the investment into a new chiller. Therefore, the EU Commission has introduced the well-known energy 
labels (A+++, A++, A+, A, B, C, D, E, F and G) within the framework of the ecodesign requirements for Energy-
related Products (ErP). The EU directive 206/2012 [1] regulates the assignment of energy labels for electrical 
compression chillers. The task is to calculate a seasonal performance figure – here the seasonal energy efficiency 
ratio SEER, which is defined by produced cold per consumed electricity – from a very limited amount of 
measurements performed at laboratory conditions. EU-directive uses the so called bin-method for this purpose [1].  
The bin-method gives a reference weather profile and a reference load profile for the cooling (and heating) 
season. The load profile is as simple as possible, a load correlated linearly with the ambient temperature. The cooling  
demand is the design cooling capacity PdesignC of the chiller at 35°C (TdesignC). At 16°C the demand equals 0kW. 
Between 16°C and 35°C the cooling demand Ps is linearly interpolated and linearly extrapolated for temperatures 
above 35°C.  
 2014 The Authors. Published by Elsevier Ltd. 
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The climate of Athens is taken as reference weather profile and is described in a basic table. For each temperature 
above 16°C the hourly frequency distribution – the so called bins – are given. For example, a temperature of 30°C 
(more precise, the temperature interval between 29.5°C and 30.5°C) occurs 63 h in the cooling season of the 
reference year.  
The performance of the electrical chiller is measured for 20°C, 25°C, 30°C and 35°C, linearly interpolated 
between these nodes and extrapolated as a constant outside this range. The so determined performance of the chiller 
is than rated according to the frequency distribution of the temperature bins. This finally yields the seasonal energy 
efficiency ratio SEER. According to the SEER the electric chiller can be classified into an energy efficiency class, 
e.g. class B. 
The ecodesign requirements are only applicable for electric chillers where driving energy is always available at an 
unlimited scale. However, for manufacturers of solar cooling kits it would be very beneficial if they can rate their 
products with such an energy label. Customers can be informed that a specific solar cooling kit has an electricity 
consumption similar to that of an electric chiller. This will not lead to certified but at least to an informative 
evaluation. It requires that the calculation of seasonal performance figures for a solar cooling system is similar to 
that of electric chillers. Moreover, it requires extending the weather profile with information about a reference 
radiation to determine besides the efficiency also the availability of cooling power.  
In the following the bin method for solar cooling will be proposed. Therefore a reference radiation table will be 
given for a hot climate region. The influence of the reference weather profile and the calculation method will be 
investigated.  
The performance of a collector depends on the irradiation and the temperature. To describe the reference weather 
this leads to a two dimensional bin-matrix with the dimensions temperature and irradiation and with the frequency 
distribution as matrix entries. However, for the bin-method it is beneficial when the weather information and the 
solar collector information can be reduced to a one dimensional table giving a fixed irradiation value for each 
temperature-bin. In the following it will turn out that this reduction of dimension can be performed with an error 
below 1%. 
1. Reference weather 
As reference weather profile the data of Athens is taken. The source of the weather profile are tmy2-weather data 
files created with Meteonorm [2]. Athens was selected since its weather profile was identified as typical profile for a 
hot climate in Europe and is the fundament for the calculation according to EU directive 206/2012. As other 
reference climates the weather profile of Strasbourg (medium climate) and Helsinki (cold climate) are defined within 
ECODESIGN Lot 10 [3]. The weather profile for this reference climate zones is divided into a cooling and a heating 
season, where the cooling season is April to October for Athens. It should be stated that the weather profile is 
slightly different than the one of the ecodesign requirements. E.g. for the ambient temperature 30°C the ecodesign 
requirements states 63 h per year whereas we see 75h. Here clearance with the authors of the ecodesign requirements 
is required. 
Sorting the weather profile yields a two dimensional matrix. The first dimension is the temperature Ti; the second 
dimension is the radiation Gj. We took the direct and indirect irradiation falling onto a surface of 1m² and tilted by 
38°, the latitude of Athens. This means, we assume that the flat plate collector or vacuum tube collector is tilted 
according to the latitude of the reference location. For the other climate zones we assume a tilt of 49° (Strasbourg) 
and 60° (Helsinki) respectively. These locations however will not be regarded in this paper.  
The irradiation was divided into intervals with range 0 – 50 W/m², 50 – 150 W/m², 150 – 250 W/m², …, 950 – 
1050 W/m². The result is an hourly frequency distribution f(Ti, Gj) for each temperature interval Ti and each 
radiation interval Gj. The value f(20°C, 600W) = 12 h states that a climate condition with a temperature between 
19.5 and 20.5°C and a radiation of 550 to 650 W/m² occurs for 12 h within the cooling season. Fig. 1 shows the 
frequency distribution for 20°C and 35°C. Please consider that 179 h occur with a radiation below 50 W (the night 
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darkness) at a temperature of 20°C. The other cases only occur below 20h per season. The full table can be found in 
tab. 4 in the appendix. 
 
Fig. 1. Frequency distribution dependent on radiation for temperatures of 20°C and 35°C 
2. Calculation method 
 We introduce the phrase collector gain potential. In contrast to the collector gain, which will take rejected heat 
due to full storages and a lack of heating demand into account, the collector gain potential describes the maximum 
available heat which can be gained with a certain collector at the reference weather condition.  
For the calculation the collector efficiency curve is required. 
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The efficiency of the collector η depends on the state of the collector, described by the temperature Tcol, the 
ambient temperature T and the radiation G. Moreover, it depends on the characteristic of the collector, where η0 is 
the maximum efficiency when the collector is at ambient temperature and a1 and a2 describe the heat losses to the 
ambient due to heat dissipation. The heat losses are described as polynomial function in second order with respect to 
T which we call P2 for simplicity. P2 has dimension of a power in W and describes the losses of the collector at a 
certain temperature difference to the ambient. 
The collector gain potential power Pcol,pot at a given temperature and radiation is the product of the collector 
efficiency η and the radiation G. It is a second order function of temperature but a linear function of radiation.  
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A collector however is usually used to gain heat and not to reject heat. Technically spoken, the collector is off at 
night time and at dark hours. Mathematically spoken, Pcol,pot must be above 0. Therefore it is defined as a piecewise 
function where G0 is the minimum required radiation to compensate the heat losses. We state this term as threshold 
radiation G0. 
The threshold radiation G0 depends on the collector quality in terms of η0 and the loss coefficients a1 and a2 and 
on the temperature difference. It can be calculated from the approach Pcol,pot=0 as follows   
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For a simplified calculation with the frequency distribution f(Ti,Gj) we assume the approximated function f(Ti,G) 
which is continuous in G but discrete in T. This is necessary for the calculation with integrals. As the frequency 
distribution f(Ti,Gj) is given only as discrete data in temperature and radiation, the stepwise semi-continuous 
function of frequency distribution has to be approximated by the discrete data with the following property:  
³


 
WG
WG
iji
j
j
dGGTfGTf
50
50
),(),(   (5) 
Note that the semi-continuous function f(Ti,G) has unit h/W whereas the discrete function f(Ti,Gj) has unit h. To 
calculate the energy Qcol,pot,i a collector can gain for a given temperature bin Ti one has to solve the following 
integral:  
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The calculation can be separated into collector parameter (η0, P2) and climate parameters, which are described by 
the two integrals. If G0 was not a part of the integral, collector and climate parameters would be independent of each 
other and the separation would be perfect. As this is not the case, the weather data must be described with two fixed 
values for each temperature bin. These values are the operation time   
³ max
,0
),(,
G
G
iiop
i
dGGTft   (8) 
and operation radiation 
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We will now introduce a reference collector to describe G0. Then we investigate the errors when using a standard 
function for the threshold function compared to the collector specific function. The question rises regarding the 
magnitude of the error when introducing a standard function for G0 and we will soon see that the error is below 1%. 
 
3. Calculation of solar gain 
Efficiency curves of numerous solar collectors are listed at www.estif.org. We selected arbitrarily 5 collectors 
from the solar keymark database [4]. They are listed in Table 1. All collectors are vacuum tube collectors from 
different companies. From the selected collectors we define a reference collector by calculating the mean value of 
the coefficients.  
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Table 1. Efficiency parameters of the selected vacuum tube collectors, source [4]. 
License ID No η0 a1 a2 
011-7S016R 1 0.79 2.414 0.049 
011-7S016 R 2 0.605 0.85 0.01 
011-7S593 R 3 0.564 0.86 0.003 
011-7S131 R 4 0.671 1.959 0.0086 
011-7S460 R 5 0.601 0.767 0.004 
Reference ref 0.6108 1.1634 0.00692 
 
We now calculate the collector gain potential in two ways for all collectors. The first way is to refer to the 
standard threshold function G0(T) defined by the reference collector. In the second way we calculate the integrals of 
equation (8) and (9) with the threshold function G0,k(T) for each collector, where k stands for the number of 1 to 5 
according to the collector No as defined in table 1. 
A collector temperature is required for the calculation. We assume 80°C for solar cooling. For solar heating and 
DHW this value will be different. The influence of the collector temperature is discussed in the last section. 
To calculate the values of the operation time according to equation (8) and the operation radiation according to 
equation (9) we have to approximate the integrals with the discrete data given by the frequency distribution. As a 
continuous function for the frequency distribution is not available, the approximation of the integral close to the 
lower boundary G0,k is based on assuming a constant frequency distribution in the interval enclosing G0,k , as 
described in equation (5). Here an example: 
For collector No 2 the threshold radiation for 30°C is 
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Fig. 2 shows the threshold radiation G0,k(T) for the collectors No 1 to No 5 and the standard threshold G0,ref(T) of 
the reference collector.  
The integral from equation (8) for the temperature Ti=30°C and collector No 2 with its threshold value  
G0,2(30°C) = 80.4 W solves as follows  
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The first term is the approximation of the integral from the first interval f(T30°C,G1) in which lies the threshold 
value. The hourly frequency distribution is only taken partly into account, here from 80.4W to 150W. The second 
term with the sum describes the frequency distribution for radiation of 150W to 1000 W with the first interval 
Gj=200W which runs from 150 W to 250 W.  
 
1670   Matthias D. Schicktanz et al. /  Energy Procedia  48 ( 2014 )  1665 – 1675 
 
Fig. 2. Threshold values for the selected vacuum tube collectors and the reference collector. 
For the amount of hours in the frequency distribution function of f(30°C, Gj) see table 4 in the appendix. The 
integral of equation 8 is solved accordingly as 
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For both integrals we approximated the term f(Ti,G) by the constant value f(Ti,Gj)/100W in each interval of Gj – 
50 ≤ Gj ≤ Gj + 50. The interval around G0 again is only considered partly for the value above G0. Thus, as in 
equation (11) the hourly frequency distribution is approximated linearly by the fraction between G0 and the end of 
the interval (here between 80.4W to 150W) and the radiation is not approximated by the center of the interval 
(100W) but by the mean value between G0 and the end of the interval (150W). For the reference collector the values 
of the operation time top,i and operation radiation Gop,i are given in table 2. Summing up the operation time top,i for all 
bins i yields the total operation time top. We can see from table 2 that the cooling season of Athens has 4413 hours in 
which for top=1877 h the radiation is above the threshold radiation, emitting a total radiation Gop=1059 kWh (sum of 
Gop,i  for all bins i) on the collector. 
For the collectors k=1 to k=5 and the reference collector we now calculate the collector gain according to 
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Table 2. Frequency distribution f(Ti) of Athens for the cooling season from April to October for an area tilted by 38°. 
Temp f(Ti) top,i Gop,i 
°C h h kWh 
7 3 0.5 0.1 
8 5 1.0 0.5 
9 3 1.0 0.7 
10 6 0.0 0.0 
11 29 2.3 1.2 
12 22 6.0 2.6 
13 47 11.4 5.8 
14 58 5.7 1.5 
15 92 15.1 6.6 
16 117 21.7 9.1 
17 170 25.8 11.9 
18 199 37.4 16.4 
19 262 63.4 28.4 
20 267 76.2 36.8 
21 303 94.6 50.1 
22 316 102.2 53.8 
23 354 124.9 70.2 
24 361 148.9 83.6 
25 345 150.5 83.4 
26 321 184.3 109.5 
27 271 164.4 97.1 
28 237 160.3 92.2 
29 169 112.6 70.0 
30 158 117.1 74.8 
31 115 88.7 56.2 
32 85 70.9 44.4 
33 49 44.1 26.3 
34 30 27.4 17.0 
35 14 13.4 7.7 
36 2 2.0 1.1 
37 3 3.0 2.0 
Total 4413 1877 1059 
 
We performe the calculation twice, once with respect to the individual calculation of top,i,k,in. and Gop,i,k,ind and 
once with respect to the reference values top,i,k,ref. and Gop,i,k,ref:  
))80,(( ,,,2,,,0,,, ¦¦ uqu 
i
refiopik
i
refiopkrefkpotcol tCTPGQ K  (14) 
))80,(( ,,,,2,,,,0,,, ¦¦ uqu 
i
indkiopik
i
indkiopkindkpotcol tCTPGQ K  (15) 
1672   Matthias D. Schicktanz et al. /  Energy Procedia  48 ( 2014 )  1665 – 1675 
Moreover, we calculate the difference ΔQcol,pot,k between Qcol,pot,k,ind and Qcol,pot,k,ref as follows:  
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Table 3. Results. 
License ID No. Individual 
top 
Individual  
Gop 
Individual Gain 
Qcol,pot,k,ind 
Reference Gain 
Qcol,pot,k, ref 
Deviation 
ΔQcol,pot,k 
 # h kWh kWh kWh % 
011-7S016R 1 1908 1065 498.6 498.5 0.02% 
011-7S016 R 2 1988 1075 494.7 493.4 0.27% 
011-7S593 R 3 1689 1027 466.7 462.8 0.84% 
011-7S131 R 4 2015 1077 538.6 536.5 0.40% 
011-7S460 R 5 1788 1046 459.1 458.2 0.18% 
Reference ref 1877 1061  490.0  
 
The results are shown in table 3. The license ID and the collector number are shown in the first two columns. The 
next column "individual top" shows the operation time top when calculated according to equation (11) with respect to 
the collector specific threshold value of G0,i according to equation (4) and summarized for all bins i. For the 
reference collector we calculated 1877h, where for the individual collectors the operation time varies between 1689 
h to 2015 h. For collector No. 3 we see a maximum deviation of 10%. The columns "Individual Gop" shows the 
operation radiation calculated according to equation (12) again with the individual threshold value of G0. For the 
reference collector we gained 1061 kWh. For the individual collectors we see an operation radiation between 1027 
kWh to 1077 kWh. Collector No. 3 reaches the highest deviation in operation radiation with 3.1%. The column 
"Individual Gain" shows the collector gain potential calculated according to equation (15) with respect to the 
individual operation time and operation radiation. Keep in mind that according to equation (13) we need to multiply 
the collector losses P2(Ti) and the operation hours top,i for each bin before summarizing. We see that the collector 
gain potential varies between 459.1 kWh and 538.6 kWh. The next column "Reference Gain" shows the solar gain 
potential for each collector when calculated with the reference operation time top,ref and the reference operation 
radiation Gop,ref from table 2 according to equation (14). Here we see results between 458.2 kWh to 536.5 kWh.  
The column "Deviation ΔQcol,pot,k " points out the difference between the individually calculated collector gain 
potential and the calculation with the reference data. This is the important key figure to evaluate the proposed 
calculation procedure. The deviation is small and always below 1%. In fact for the selected collectors the highest 
deviation is about 0.84% for collector No. 3. We therefore can conclude that it is sufficient to use the reference 
values as given in Table 2 for the calculation of the solar gain potential. This yields to an uncertainty below 1%. 
Why is the uncertainty that low? When we take a look at the operation time we see differences of 10% for 
collector No. 3. Moreover, we see that the operation radiation between the individual calculations differs from the 
reference calculation by up to 3.1%. From that information it is not obvious that the overall uncertainty is below 1%. 
But we must keep in mind that the efficiency of the collector η is close to 0 in the regarded radiation range around 
G0. Calculating the solar gain potential for an efficiency of almost zero for a small amount of radiation yields a very 
small amount of collected heat. Therefore the approximation of solar gain potential close to the collector specific 
threshold G0,i by a reference time and radiation is reasonable. 
To clarify this argument we take a closer look at collector No. 3 at 25°C. We select this collector since it has the 
maximum deviation of all collectors and the deviation of this collector is at a maximum at 25°C (not shown in this 
paper). According to equ. (4) the individual threshold irradiation G0,3 is 199 W whereas the threshold value of the 
reference collector G0,ref is 139 W. With an irradiation of 139 W the collector produces about -40.5 W losses and 
with an irradiation of 199 W the collector produces 0 W. In mean, the collector produces about -20W heat from the 
169 W irradiation.  
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Moreover, from table 4 the bin of 25°C/100W contains 25h and the bin 25°C/200W contains 30 h. Based on this 
data and the calculation procedure of equ. (11) it can be concluded that the difference in the operation time is 17.3h. 
Multiplying the 17.3 h of additional operation time with the mean heat input (losses) of -20 W yields 0.35 kWh 
for the temperature 25°C. When having the same difference for 30 bins in a worst case scenario this yields an 
overall deviation of about 10kWh. In fact the total deviation is 3.9 kWh since the differences are smaller for the 
other bins. Compared to the complete season energy gain of 463 kWh the difference is below 1%. The reason for the 
small deviation which is the summarizing of values close to zero will hold for all collectors. Thus this confirms the 
proposed method. 
4. Discussion 
When a collector is installed by a consumer the seasonal gain will most likely be different than the calculated 
one. This may have different reasons:  
 
x The collector is installed at another orientation but south and another tilt but the latitude. A correction factor can 
be given for this case 
x The weather profile of the investigated season is different than the reference weather 
x The user demand for heat, cold or DHW is different than the reference profile 
x The controller of the collector is different 
 
None of this aspects are of importance for the calculation of the seasonal performance figures since the purpose 
of this method is to make different solar collectors and solar cooling systems comparable to each other and to rate 
them according to a labeling scheme. The purpose of this method is not to serve as a configuration tool or 
installation guideline. However, the method should rate better systems with a higher rate. The proposed method 
fulfills this requirement. 
The reference weather information is calculated for a collector temperature of 80°C. This is an adequate 
temperature for solar cooling. For other temperatures the calculation is affected by two mechanisms. Firstly, the 
function for collector specific threshold G0,i is dependent of collector temperature. As we have already seen a 
different threshold function hardly affects the collector gain potential, so this influence is negligible. Secondly, the 
collector losses described by P2 will change. This effect is regarded with the described method since the product of 
the operation time top,i and the losses P2 are calculated for each bin separately. Therefore, different collector 
temperatures can be regarded acceptably with this method. The proposed procedure however focuses on solar 
cooling were a minimum temperature for the operation of a thermally driven chiller is required. For solar space 
heating and DHW preparation different operation temperatures may be adequate. This topic is not regarded in this 
paper. 
A general issue is the influence of the control strategy. Unfortunately, this influence can hardly be covered with 
the bin method. This is also true for other methods like CTSS (component testing system simulation) in which the 
seasonal gain is calculated by computer simulation. It can never be assured that the simulated control strategy 
corresponds to the control strategy of the real installation due to a very limited amount of measurement data. What 
we see from the calculation above is that the operation time of the collector may vary up to 10% between the 
individual and the reference calculation. The collector gain potential is affected below 1% by the reference threshold 
value but the operation time of the pump is affected by up to 10%.Thus the electricity consumption of the collector 
pump might be stronger affected than the heat gain. In worst case the pump is active for a longer time without 
gaining more heat with the collector. In the case of collector No 3 the additional active time is 10%. This yields an 
increase in electricity needs for pumping.  
So far only vacuum tube collectors are regarded and the given reference collector describes only this type of 
collector. The same method however can be extended for flat plate collectors. A new reference collector may be 
defined for this case yielding another reference operation time and reference operation radiation. It is expected that 
the deviation will again be in the range of 1% for this collector type. Other collectors like concentrating collectors 
are not regarded, as solar cooling installations with such collectors normally are customer designed systems. The 
focus of this study is on solar cooling kits, which means ready to use package solutions for small scale applications. 
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So far, only the collector gain potential and not the collector gain is regarded which may take the influence of the 
storage size into account. To investigate this interaction will be the next step for the appliance of the bin method for 
solar cooling. 
The advantages of the described method however are evident. We can depict the solar gains of a collector at 
reference conditions by separating weather and collector information. Thus we can compare different collectors 
easily. No simulation with e.g. TRNSYS is required which helps applicants to avoid the costs of a license. The 
calculation can be done easily with a spread sheet calculation program. This is a criterion for a standard calculation 
performance which puts transparence and acceptance to the method. Moreover, the bin method is already accepted 
for electrical heat pumps and electrical chillers. 
5. Conclusion 
We have defined a reference weather profile of Athens for the calculation of solar gains for solar cooling. The 
original weather profile was a two dimensional hourly distribution frequency in terms of radiation and temperature. 
We were able to reduce the two dimensional weather profiles to a one dimensional table by defining a reference 
collector and calculating its threshold function. The reduction in complexity yields an error in the solar gain 
potential below 1%.  
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Appendix A. Hourly frequency distribution 
Table 4. Hourly frequency distribution f(Ti,Gj) of Athens for the cooling season from April to October with radiation on an area tilted by 38°. 
Temp. 0W 100W 200W 300W 400W 500W 600W 700W 800W 900W 1000W f(Ti) 
°C h h h h h h h h h h h h 
7 2 0 1 0 0 0 0 0 0 0 0 3 
8 4 0 0 0 0 1 0 0 0 0 0 5 
9 2 0 0 0 0 0 0 1 0 0 0 3 
10 5 1 0 0 0 0 0 0 0 0 0 6 
11 25 1 2 0 0 0 0 0 0 1 0 29 
12 14 1 3 1 1 1 0 0 0 0 1 22 
13 31 4 2 4 1 1 0 1 1 1 1 47 
14 44 7 5 1 1 0 0 0 0 0 0 58 
15 68 8 4 3 4 2 1 0 1 0 1 92 
16 88 6 7 1 4 8 1 2 0 0 0 117 
17 129 14 8 0 3 10 2 2 1 1 0 170 
18 150 10 14 4 4 5 3 7 0 1 1 199 
19 181 16 19 9 9 8 7 6 3 3 1 262 
20 179 11 16 6 12 16 12 5 7 2 1 267 
21 189 19 21 10 8 13 6 15 10 8 4 303 
22 197 17 21 9 13 14 10 12 9 9 5 316 
23 211 19 23 13 12 8 12 18 15 20 3 354 
24 190 24 26 10 25 6 17 16 22 19 6 361 
25 174 23 30 10 16 16 17 16 13 22 8 345 
26 123 16 17 13 32 19 22 17 21 33 8 321 
27 90 20 19 12 15 19 23 22 21 23 7 271 
28 64 16 21 8 27 12 23 13 27 22 4 237 
29 48 11 13 7 13 4 15 10 23 17 8 169 
30 35 8 13 3 14 6 13 15 23 23 5 158 
31 20 9 13 0 9 6 9 8 16 22 3 115 
32 10 6 9 1 9 5 8 6 13 15 3 85 
33 3 3 9 0 5 2 4 4 9 10 0 49 
34 2 1 4 0 5 0 4 3 4 6 1 30 
35 0 1 1 0 3 1 3 2 2 1 0 14 
36 0 0 1 0 0 0 0 0 0 1 0 2 
37 0 0 0 0 0 1 0 1 1 0 0 3 
Total            4413 
 
 
